Magnetic properties of Heusler alloys by Stephenson, Edward Beattie

>
4
****** **-+*
4r 'v^- # # .,.4-.. | -# i
y* ~s4t- *r* *|P "r t- ^jf- ^ * ' *,
4 * * -* , 4; - -4 - /- 4^- 4-- 4 *
* >*. 7;-4^' * 4k.- ; -4k' * 4
1
UNIVERSITY OF ILLINOIS
LIBRARY
4 |p
Class Book Volume
* + f n * * * f
^ * * * . 4 •** *|fC *i *
-f . ^ 4
'MKvMK * N1N rf?"* * * i it f * * * *
ife §|§ i^S^PP * ^| * * * 4 f * # *
.si^ //^^i/^fe in * *fr 4 * *
(k ^ ^
-jfr. 4 4 * * ^ *> 4 * * *
m * 4 -4 4 ^ fj j|
4
"f* ^ ** 4 4 4'- 4- 4 4?
lfef!lifr
; 4 4 4 ^ ^ 4 4 + 4 . + * 4
4
.
f
s1
4 4
4
f« 4^\:0m^\fi^' + ^ *f ;4 V .. 4 4
IT- T-
-4.
:
Digitized by the Internet Archive
in 2013
http://archive.org/details/magneticpropertiOOstep
MAGNETIC PROPERTIES OF HEUSLER ALLOYS
BY
EDWARD BEATTIE STEPHENSON
B. S. Knox College, 1903
M. S. Knox College, 1907
THESIS
Submitted in Partial Fulfillment of the Requirements for the
Degree of
DOCTOR OF PHILOSOPHY
IN PHYSICS
IN
THE GRADUATE SCHOOL
OP THE
UNIVERSITY OF ILLINOIS
1910

UNIVERSITY OF ILLINOIS
THE GRADUATE SCHOOL
MAY 11, l9 10
I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY SUPERVISION BY
EDWARD BEATT IE STEPHEN £011
ENTITLED MAGNETIC PROPERTIES OF HEUSLBR ALLOYS
BE ACCEPTED AS FULFILLING THIS PART OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY
n (charge of Major Work
Head of Department
Recommendation concurred in:
J
I. ^fh^pv
Committee
on
Final Examination
167532
uiuc
Introduction.
The Heusler alloys, so named in honor of their discoverer,
are composed of copper, manganese, and aluminum, and are remarkable
for the fact that, though the metals themselves are nonmagnetic,
when mixed in the proper proportions, the resulting alloy is defin-
itely ferro-magnetic.
This investigation was undertaken with the purpose of in-
creasing the data on these alloys, and in the hope that their study
might eventually throw some additional light on the ultimate nature
of magnetism.
Historical Review.
In 1901 Dr. Heusler 1 reported that he had discovered
that certain manganese alloys were magnetic. This discovery seems
to have been rather accidental, in that while turning a certain
alloy in a lathe, he noticed that the turnings adhered to the tool.
This led to a general investigation of the magnetic properties of
manganese alloys.
Dr. Heusler, W. Stark and E. Haupt2 found that a copper-
manganese alloy itself was not magnetic, but when mixed with zinc,
arsenic, antimony, bismuth, or boron, it was more or less magnetic,
and when aluminum was added, a good ferro-magnetic alloy was obtain-
ed. In general the properties of any given piece varied radically
with the previous heat treatment, but the most magnetic compound
was formed when the manganese and aluminum were In the proportion
of their atomic weights, i.e. manganese 25$> aluminum 12.5$, and
copper 62«5$»
1. Verh. d. deut. Phys. Gesel. v. 5 t P»219» 1903*
p » » " " " " 224, 1903.
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From this fact and the molecular susceptibilities of cer-
1 p
tain salts as given by G. Wiedmann , Liebknecht and Wills'1 , and
others, Dr. Heusler considered the case analogous to a salt solution
in which the combination of manganese and aluminum in atomic pro-
portions was the salt, and the copper was the solvent.
The discovery of these alloys did not attract much atten-
tion in England until 1904 when R. N. Hadfield showed a sample at
the meeting of the British Association, and soon after Fleming and
Hadfield^ published the results of an investigation. They had
two rings made that gave B and H curves similar to those of cast
iron, with a maximum value for the permeability of 2£ to 30 for
B = 1500. They considered the magnetic properties to be due to
molecular grouping and not characteristic of the elements in them-
selves.
Andrew Gray^" made a farther investigation with two rods
which he tested at low fields only. His specimens were fairly
magnetic and improved slightly on heating to temperatures below
400°C, but quenching from that temperature almost destroyed their
magnetism. Neither vigorous tapping nor immersion in liquid air
had much effect. The critical temperature was found to be about
350°C. Several quenchings produced a change in structure and when
viewed under the microscope, showed large nodules imbedded in a
granular matrix. Ross^, working at the University of Glasgow on
some specimens containing 25^ manganese, 12.5^ aluminum, a trace of
lead, md the rest copper, found large variations due to different
1. Lehre von Elektrizitat v. 3, p.95#«
2. Ber. d. deut. Chem. Gesel., v. 33, p. 44£, 1900.
3. Roy. Soc. London, Proc, ser. A, v. 76, p. 271, 1905»
4. ' • " " " " v.77, P. 256, 1906.
5. Roy. Soc. Edinburgh, Proc, v. 27, p.££, 1906-07.
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thermal treatments. Prolonged heating below 100°C had little
effect, but distinct improvement was shown on heating to 160°C and
a gradual deterioration on heating further to 220°C. Testing while
immersed in liquid air showed a temporary improvement which was lost
on returning to room temperature. He quenched his specimens at
50° intervals between 400 °C and 750°C and then tested them 1 ) as
quenched, 2) in liquid air, 3) back at room temperature. The
effect of quenching shows clearly in the permeability which grad-
ually decreased to 550°C, dropped to a minimum of about half value
at 615°C, and then rose to approximately the original value at 650°C
and above.
The magnetostriction was carefully measured by Austin
and found to give, for his particular specimen, a value of dl/l =
11 x 10~^ for a field of 400 c.g.s. units, which is about one third
that for cast iron. The curves showing the relation of the magnet-
ostriction to the field strength had the same general form as the
magnetization curves, though rising more slowly.
Guthe and Austin2 found expansion curves similar to the
magnetization curves and a numerical value about one half that for
soft iron. In general the softer samples gave the greater expan-
sion.
McLennan^ found the continuous shortening, especially in
strong fields, observed by Austin^ and that the time after casting
and the heat treatment had marked effects. The maximum elongation
was observed in specimens having the manganese and aluminum in the
1. Ber. d. deut. Ges., v. 6, p.211, 1904.
2. U. S. Bur. Stds., Bui. 2, p. 297, 1906.
3. PhyB. Rev., v. 24, p. 449, 1907.
4# ibid.
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proportion of their atomic weights. The permeability of some rings
was found to vary greatly with the quenching temperature and was
much greater when they were quenched from near their melting point
than from a red heat,
Guthe and Austin 1 also tested their samples for Young's
Modulus and found it very large, although no exact results could
be determined on account of flaws in the material.
Bidwell2 has shown that, for iron and nickel, there is a
change in the thermo-electric power proportional to the magnetic
expansion corrected for mechanical stress, but Guthe and Austin
found no such effect for the Heusler alloys, even for a temperature
difference of 100°C. Mendenhall reported in a private letter to
them that he could find no evidence of the Kerr effect.
Hill^ tried heating to various temperatures and found the
effect reversible up to about 375°C, but at 500°C, irreversible.
In a discussion of the theory, Hill suggests that manganese may
really be a magnetic substance under proper conditions, as a con-
sideration of the atomic susceptibilities and molecular magnetism
of certain substances would indicate.
Defining "atomic susceptibility" as the mean susceptibil-
ity of the space containing one gram atom of substance in 1000 c.c,,
Meyer^ gives the following arrangement of the elements in the order
of their atomic susceptibilities:
-
Ho., Er», Gd.
,
Mn., Pe., Sa., Co., Yt., Nd., Ni., Pr.,
1. ibid.
2.
3. Phys. Rev., v. 21, p. 335, 1905.
4. Ann. d. Phys., v. 63, p. 325, 1#99»
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Lieblmecht and Wills 1 give the following list of magnetic suscepti-
bilities for certain salts :-
Substance k
Copper nitrate #001.63
Ferric nitrate #01352
.
Ferrous sulphate .01272
Manganic nitrate .01536
Manganous sulphate .01514
Yager and Myer2 give the following values for the molecular magnet-
ism of certain elements:
Substance Im x 10
Nickel 2 x 2.5 c.g.s.
Cobalt 4 x 2.5 c.g.s.
Iron 5 x 2.5 c.g.s.
Manganese ,..6 x 2.5 c.g.s.
McLennan and Wright^ studied the susceptibilities of sev-
eral salts of the metals copper, manganese and aluminum, and found
approximately the same values given with the additional value of
-0.0001 £ for aluminum sulphate and +0.00002 for aluminum nitrate.
When combined in the proportions of the Heusler alloys, the suscept-
ibilities followed the simple additive law and changed but little
with concentration.
Hill^ suggests that there is a simple explanation of many
of the phenomena of the Heusler alloys in the allotropic theory of
Osmond^. Thus iron shows the allotropic forms:
1. Ann. d. Phys., v. 1, p.17#, 1900.
2. Wiener Ber., v.106, pp.504, 623, 1&97* v.107, p. 5, 1#9#.
3. Phys. Rev., v. 24, p, 276, 1907.
4. ibid.
5. The Crystalization of Iron and Steel, Mellor, pp. 12-15*

alpha - soft, magnetic and stable below 700-750°C,
beta - hard, nonmagnetic and stable between 750°C and g60°C,
gamma - soft, nonmagnetic and stable above S60°C.
In passing from one form to the other, there is a transformation
point, e.g. the common recalescent poin in iron.
Nickel has only two known allotropic forms:
alpha - magnetic and stable below 340°C to 360°C,
beta - nonmagnetic and stable above 360°C.
The transformation point can be depressed by alloying with another
metal and the amount of depression is proportional to the amount
of the substance added. Thus it is possible that the form of man-
ganese stable at ordinary temperatures is nonmagnetic, but that the
alloying produces another allotropic form that is magnetic.
Zahn and Schmidt 1 studied the Hall effect and allied phe-
nomena, chiefly the thermo-magnetic effect of Hernst and Ettings-
2
hausen, for the Heusler alloys and their individual constituents.
They found the following values for the coefficient, R, of the
Hall effect and for the coefficient, Q, of the thermo-magnetic ef-
fect.
Substance R x 105 Q x 106
Heusler alloy + 1300 500
Manganese 93 15
Aluminum 40 + 20
Copper 50 + 90
Lead + 9 + 5
Iron + 10&0 + 1050
* The values for the alloy are average and approximate.
1. Verh. d. deut. Phys. Ges., v. 9, p. 9*, 1907.
2. Wied. Ann., v. 29, p.343, 1S£6; v.31, p.760, 1^7.
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The iron is put in for comparison. It is evident that the values
of R and Q are not additive for the Heusler alloys, and comparison
with iron shows no certain relation of sign or magnitude. The
temperature coefficients of R and Q were found to be +0,003 and
-0.006, respectively. Four other allied effects were detected,
but not with enough certainty for quantitative measuerment.
Recently Knowlton 1 has succeeded in making specimens of
especially good and uniform mechanical properties. He did not
find any simple relation between composition and magnetic proper-
ties, and suggests that the copper has a much larger influence than
is usually attributed to it. He made a study of the structure by
means of photo-micrographs. Three distinct types of crystals were
evident: 1) bright ones, unaffected by the etching fluid ( HC1
and FeCl^), 2) dark ones, deeply etched, and 3) yellowish ones
of the nature of a matrix. Crystals of the first type were evi-
dently the magnetic ones, as no specimen from which these were
absent was magnetic, and the value of I could be estimated with a
fair degree of approximation from the area of these crystals.
Also he found no evidence of recalescence, and that the
critical point for one specimen was 0°C and for the others about
200°C.
1. Phys. Rev., v. 30, p. 123, 1910.
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Preparation of Test Pieces.
Considerable time was spent in preliminary experiments
with small quantities of copper, manganese and aluminum in order
to learn the best method of alloying and casting. The te3t pieces
were finally prepared in the following manner. The materials
were all tested qualitatively for iron, cobalt and nickel and found
quite free from these, although they showed some carbon. Each
combination of the metals was weighed out in a given proportion so
as to make a total of about two pounds, melted in a brass furnace
at the University foundry, and cast in fine sand molds. The
melting crucible was a new clay-graphite one. The manganese and
copper were put in first, and when they were thoroughly melted, the
aluminum was put in, a flux added, the mixture stirred with a well
seasoned hard wood stick, and then quickly poured into vertical
molds. Two rods, each 45 cm. long and 1.1 cm. in diameter, were
poured from each melt and allowed to cool slowly in the molds.
The ends of the rods, which were enlarged in the casting,
were cut off and the whole length dressed down on an emery wheel to
the form of a very prolate ellipsoid. The specimens were tested
magnetically as cast, and after grinding, and the grinding was
shown to have had no effect on them. Twelve samples about 35 cm.
long and 1 cm. in diameter were thus prepared. None of the speci-
mens could be satisfactorily worked and those with the larger per
cents of manganese and aluminum were especially hard and brittle.
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Magnetic Testing.
The magnetometer method was chosen as "being best adapted
to all parts of the investigation. A diagram of the apparatus is
shown in Fig. 1. The resistance of the magnetizing coil was so
high that 110 volts gave only two amperes through it, so this source
of current was used for most of the work, but when a very small
current was desired, storage batteries could be cut in at the switch
S-j • The current was led through a 0-5 ammeter, reading to hundred-
ths, and through an extra compensating coil C2 to a reversing
switch S2 , then through two control resistances R 1 and R^,, and by
the switch S^, either through the coil 0^ alone, or through it and
the magnetizing coil MC in series. The extra compensating coil
C2 was made necessary by a small permanent field due to the wiring
and the various instruments, and its position was located by trial.
By means of the switch S^, the magnetizing coil could be cut out
and the coil C-| used as a calibrating coil, without change of posi-
tion. Control magnets were used, so that the field was about
0.275 c.g.s. The ammeter, switches, resistances, etc. were placed
on a convenient table about two meters back of the magnetometer,
while the magnetizing and compensating coils and the magnetometer
were placed on a slideway about three meters long that was clamped
to a pier. The magnetizing coil was made one meter long with an
average diameter of 9*2 cm., and was wound with two layers of
number thirty copper wire, on a copper water jacket with a water
space of about 1 cm. For testing the specimens at higher temper-
atures, an electric furnace could be slipped inside the water
jacket. The furnace consisted of a porcelain tube of 1.3 cm.
inner diameter, on which was wound, bifilar, a nickel wire. The
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heating coil was covered with magnesite and placed inside a fire
clay tube, which fitted closely inside the water jacket. The
bifilar winding eliminated almost entirely any field due to the
heating current, and as soon as the coil reached about 350°C, the
nickel lost its magnetic effect
For this arrangement of the magnetometer, the following
formulae were used. If HQ is the earth* s field as determined
with the calibrating coil, then
1 ) h = 27rna^ cot $
where n = the number of turns, a = the radius of the coil, d = the
distance of the coil from the magnetometer, r = V(d2 + a2 ), D =
2 D
the distance of the scale from the mirror, cot 5 = j^r
#
In the magnetizing coil
2
>
H
=
—
where n = the total number of turns, 1 = the length of the coil,
and I = the current in amperes. On the assumption that the
magnetic length is two thirds the actual length,
3 ( r2 L_)2 H +an §
3) 1 = 1_ 9
6
4 it a2 1 r
where I = the intensity of magnetization, 1 = the length of the
specimen, 2a = the diameter of the specimen, r = the distance from
def •
the center of the specimen to the magnetometer, and tan $ = —2D

Composition of Test Pieces.
The specimens were made up with the idea of testing some
important points that had been developed in previous investigations;
e.g. the effect of different percentages of manganese and aluminum,
the effect of a little lead on the mechanical properties, and also
the effect of a small amount of iron. Because there was consider-
able slag left in the crucible, it was believed that the percentage
composition had changed somewhat in the process of melting, and so
careful analyses of six specimens were made and the results are
shown in Table I.
Table I.
No. Length
cm.
Diam.
cm.
i cu. i Mn. i ai. % Pb. i Fe. i im.#
1 43.7 74.71 13.41 1
1
2 44.2 69«7# 12. 4£ 17.74
3 33.6 61. 6£ 22.57 13.63 1.51 .61
4 4£.0 54. #3 2£. 1
1
17.06
5 43.3 66.44 14.47 16.57 2.52
6 23.5 1.6 62.43 23.39 14.1S
« IM is matter insoluble in HC1 or HNO^.
The analyses showed a larger percentage of aluminum than
was intended, probably because the aluminum was put in last, melted
very quickly, seemed to fuse readily with the molten mass which was
immediately poured into the molds without the aluminum having had
much time to oxidize. The series formed by numbers 1, 2, 6, and 4
had increasing percentages of manganese and aluminum, number 3 had
^ *5i lead, and number 5 had 2.5 i of iron.

Magnetic Testing.
When the specimens had "been prepared as given above,
they were tested by the magnetometric method. The water jacket
furnished an excellent means of controlling the temperature, as the
hydrant water remained quite constant at 1£°C and this was the tem-
perature of all the tests unless otherwise specified*
The data for the original tests of complete hysteresis
cycles are given in Tables II to V and are shown graphically in
Pig. 2 and Pig. 3. No data are given for specimens 1 and 2 as
they were so slightly magnetic as to be beyond the sensitiveness of
the apparatus.
A study of the data shows that number 6 was the best of
the series as it has the largest value of B with the least hyster-
esis, and Table I shows that it comes nearest having the individual
elements in the proportions of their atomic weights, i.e. copper
62.4 fo, manganese 23.4 aluminum 14.2 f . Number 3 with the lead
in it gave about three fourths the value for B that number 6 did
and had much greater hysteresis. Number 5> with the iron in it,
gave about one third the value for B that number 6 did, but had
very little hysteresis. Number 4, which had a high percent of
manganese, is only slightly magnetic.
For the purpose of comparison a few other tests gave re-
sults as shown below.
Good Swedish iron, H = 50, B = 12,000 to 14,000.
Iron Wire H = 50, B = 77,500
Number 6 alloy H = 50, B = 3*600
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Table II.
Original Test of Specimen Number Three.
I H B M I H B M
+ 97 0.0 1220 - 35 24.0 465 19.3
160 24.0 2030 24.6 91 34.4 1175 34.2
174 34.4 2220 64.6 167 51.6 2120 41 .0
207 51.6 2640 51.2 216 62.2 27S5 40.5
236 62.2 3030 44.1 1gg 51.6 241
5
46.2
264 £6.0 3400 39.5 153 34.4 1960 57.0
27# 103.0 3595 34.9 132 24.0 1625 70.3
306 120.0 3960 33.0 62 0.0 77S
375 137.4 4260 35.4 + 76 24.0 920 40.3
237 62.2 3040 44.2 132 34.4 1695 49.3
216 51.6 2760 51.5 195 51.6 2500 42.5
202 43.0 25&0 60.0 229 62.
£
2950 43.0
1££ 34.4 2395 61.6
174 24.0 2210 92.2
104 0.0 1305

15
Table III.
Original Test of Specimen Number Four.
I H B M
+3.4 0.0 43
3.4 24.0 67 2.2
3.4 34.4 77 2.3
6.7 51.6 136 2.7
6.7 65.4 150 2.3
6.7 34.4 119 3.5
6.7 0.0 24
0.0 34.4 34 1 .0
-3.4 62.2 111 1 .6
3.4 34.4 77 2.3
3.4 0.0 43
Table IV.
Original Test of Specimen Number Five.
I H B M
+ 4.0 0.0 50
42. 5 25.1 630 25.5
56.6 34.4 74o 21 .5
56.6 51.6 757 14.7
56.6 62.2 772 11.3
52.5 34.4 690 20.0
12. 1 0.0 152
-44.4 34.4 470 13.6
56.6 62.2 720 1 1 .2
44.4 34.4 470 13.6
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Table V,
Original Test of Specimen Number Six,
I H B M
+ 47.2 0.0 592
176.0 23.2 2236 93.9
223.0 34.4 2235 22.6
223.0 55.1 3615 65.7
223.0 34.4 2235 22.6
171.0 19.6 2165 102.4
55-7 0.0 700
- #1.4 19.6 1040 53.2
167.0 34.4 2135 62.1
240.0 55.1 3200 52.1
124.0 34.4 2350 69.O
129.0 19.6 1640 23.7
2.5 0.0 107
+129.0 19.6 1640 23.7
205.2 34.4 2620 76.2
223.0 55.7 3615 65.0
51.4 0.0 645
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Working Hypotheses.
It was thought that in a way somewhat analogous to that
of iron, the manganese, or some compound of it, in the Heusler
alloys might have two or more aliotropic forms, which the alloying
rendered magnetic at ordinary temperatures. Also, if the alloys
were the most magnetic when the compounds were in the proportions
of their atomic weights, it seemed possible that some compound
might be formed which was the magnetic substance.
Preliminary Tests.
To test the first hypothesis, specimen number 4 was cut
into six pieces about £ cm. long, placed in an Heraeus electric
furnace and slowly heated. At each 100° interval the temperature
was kept constant for at least fifteen minutes and then one piece
was taken out and quickly quenched in water. The theory of quench-
ing is, that the substance remains in the molecular condition that
it is in at the temperature from which it is quenched.
It was found that when quenched between 300°C and 400°C,
the specimen was slightly magnetic; between 500°C and 650°C, non-
magnetic; and above 700°C stronger than the original. These tests
were simply qualitative as the specimen was suspended by a thread
and then placed between the poles of a horse-shoe magnet. The
tests were repeated several times and were consistent. Quench-
ing in the field of a DuBois magnet of about 5>000 lines per square
centimeter was also tried. It seemed to make no difference in the
permanent magnetism, whether the pieces were quenched in the field
or put in the field after being quenched.
Because the quenching in water cracked the specimens and
made them very brittle, cooling in air was tried and found to pro-
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duce the same result as quenching in water from a somewhat lower
temperature.
Effect of Quenching on Magnetic Properties,
For more careful tests, the strongly magnetic pieces,
numbered 3 and 6, were used. They were heated to the temperature
shown, in the order of the tables and the numbers of the curves,
allowed to cool in air, and tested at 1£°C. The results for
number 3 are given in Table VI to Table XV and are shown graphically
in Pig. 4, and the results for number 6 are given in Table XVI to
Table XXIII and are plotted in Pig, 5« In order to simplify the
figures, only the upper fourth of the hysteresis curve is plotted
from the complete cycle given in the data.
A study of the curves makes several generalizations pos-
sible. It is quite evident in both curves that when the specimen
is heated to temperatures between 600°C and 700°C and allowed to
cool in air, B is reduced to about \5io of its former value. On
heating to still higher temperatures, B regains its former value
and when quenched from within 100° of the melting point of the spec-
imen, gives the highest value obtained. Number 3 has a lower
value of B but a larger hysteresis and retentivity than number 6.
The retentivity increases in about the same proportion as B.

Table VI.
Specimen number 3 tested at 1£°
after varied heat treatment be-
low 350°C Curve 1, Fig.
I H B
+111 0.0 1390
150 1£.5 1900
176 31 .0 2240
215 49.2 2750
195 31 .0 24S'0
169 17*9 2150
117 0.0 1470
13 -12.6 140
-130 34.4 1663
214 51.0 2740
1#9 34.4 2410
163 19.5 2070
9# 0.0 1230
+130 34.4 1670
20£ 50.6 2660
104 0.0 1310
1 -
Table VII.
Specimen number 3 heated for 45
minutes at 230°C and cooled in
air. Curve 2, Pig. 4.
I H B
+ £5 0.0 1070
195 42. S 2500
1£2 34.4 2320
145 1£.9 1#40
90 0.0 1220
- 1£.9 19
123 34.9 1570
201 47.2 2570
1£2 34.4 2320
150 1£.6 1900
91 0.0 1140
13 1S.6 1&)
143 34.4 1#30
201 47.2 2570
9# 0.0 1230
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Table VIII. Table IX.
Specimen number 3 heated for Specimen number 3 heated for
15 minutes at 300°C and oool- 13 minutes at 465°C and cooled
ed in air. Curve 5, Fig. 4. in air. Curve 4, Fi g. 4.
I H B I H B
+ 26 0.0 32S +20g 57.2 2675
234 67.1 3000 195 51.7 2500
221 51.7 2#20 169 36.5 2160
201 34.4 2550 143 21 1&20
1££ 27.5 2390 7# 0.0 9&0
117 0.0 1470 - 32 21.3 425
- 39 27-5 520 136 36.1 1750
111 34.4 1430 195 51.7 2500
201 51.7 2570 214 57.5 2745
234 64.4 29S5 201 51.7 2660
22S 51.7 2915 1£2 36.1 2325
195 34.4 24#5 150 21 .3 1905
1g2 24.1 2315 72 0.0 9#0
110 0.0 13&0 + 32 21 .3 425
+ 26 24.1 400 130 36.5 1670
112 34.4 1445 175 51.7 2250
195 51.7 2500 195 57.5 2500
241 64.6 3070 7# 0.0 9#0
117 0.0 1470
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Table X.
Specimen number 3 heated for
15 minutes at 625°C and cool-
in air. Curve 5t Fig.
I H B
+ 7 0.0
33 60.3
32 51.7 454
26 37.2 364
19 21 .3 260
13 0.0 163
- 21.7 22
19 37.2 276
26 60.3 327
0.0
+32 59.3 460
13 0.0 165
Table XI.
Specimen number 3 heated for
minutes at 320°C and coo
air. Curve 6, Fig. 4.
I H B
+ 13 0.0 164
253 55.
S
3250
242 44.2 3095
227 35.1 2900
193 20.0 2470
130 0.0 1640
- 20.6 21
127 35.1 1655
46.5 2410
215 55.
£
2755
20£ 44. £ 2655
1S9 35.1 2410
1 56 20.6 19&0
91 0.0 1 145
+ 39 20.6 510
169 35.
S
2160
214 44. & 2730
247 56.1 3135
130 0.0 1640
ii
i
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Table XII. Table XIII.
Specimen number 3 heated for Specimen number 3 heated for
15 minutes at 920 °C and cool- 15 minutes at 535°C and cooled
ed in air. Curve 7 , Fig. 4. in air. Curve 2 , Fig. 4.
I H B I H B
+247 66.1 3175 + 7 0.0 22
117 0.0 1470 175 55.2 2255
253 62.
£
3250 156 43.0 2000
222 51.7 2930 143 34.4 1235
202 34.4 2650 127 23.4 1620
195 25.1 2475 71 0.0 295
130 0.0 1635 - 59 23.4 735
- 20 25.1 255 1 1
1
34.4 1390
104 34.4 1345 156 44.2 2005
201 51.7 2590 122 57.2 2420
253 62.2 3290 169 43.0 2165
234 51.2 2990 130 21 .3 1655
195 34.4 2425 71 0.0 292
175 21 .7 2220 + 33 21.3 435
92 0.0 1230 92 34.4 1264
+ 59 25.1 740 136 44.2 1755
124 34.4 1595 169 56.2 2120
202 51.7 2665 65 0.0 217
253 62.2 3250
117 0.0 1470
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Table XIV.
Specimen number 3 heated for
15 minutes at 670°0 and cool-
in air. Curve 9, Fig.
I H B
+ 33 56.1 470
26 35.1 362
7 0.0
- 20 35.4 2$7
33 55.7 470
26 35.4 362
13 0.0 163
+ 20 35.4 2 £7
33 56.1 470
7 0.0
Table XV.
Specimen number 3 heated for
15 minutes at £65°C and cooled
in air. Curve 10, Fig. 4.
I H B
+ 7 0.0 OO
2 £6 59.
s
3650
2£o 4£.2 3570
254 36.4 3225
227 21 .4 2&70
162 0.0 2040
- 45 21 .4 5S5
1#9 37.2 2415
293 59. 3740
254 37.2 3227
221 21 .4 2 #00
150 0.0 1 ggo
+ 45 21 .4 525
202 37.2 2570
260 51.7 3320
2£0 59.5 35&0
156 0.0 1960
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Table XVI. Table XVII.
Specimen number 6 heated for Specimen number 6 heated for
15 minutes at 265°C and cool- 15 minutes at 34o°C and cooled
ed in air. Curve 2, Fig. 5 in air. Curve 3, Fig. 5.
I TTH TX ITn D
+ 17 0.0 214 + 3U u . u z.7 c;
142 22.4 1 soo 2/0 C c A 7/1 cc
236 1. at r-45.5 2909 o A r»249 ri
-j
51 *7 71 TO3I/2
201 34*4 2557 197 2 A A34.
4
251
5
146 19.0 1 S50 167 A 124. 1 1 A2 1 24
39 0*0 A c< c4op A z43 U « U
-103 19.0 1 3 1 — I ID OA 1
1 59 r A a34.4 2404 lb/ ZA. A..24. 4 1 ZA.
OA A244 C 1 "751*7 z 1 003 I 22 zo
202 ZA A34.4 22D& cDD DH-. O
1 a/:
i 9 • D
30 0.0 377 193 34.4 2460
+116 19.6 1472 159 24.1 2014
1#4 34.4 2350 30 0.0 37#
240 51.7 3070 +124 24.1 15^4
33 0.0 417 1#9 34.4 2400
249 51.7 3172
2#3 63.7 3624
51- 0.0 62£
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Table XVIII.
Specimen number 6 heated for
15 minutes at 465°C and cool-
ed in air. rt J.Curve 4, Fig.
I H B
+25$ 61 .0 3295
236 5U7 3005
197
7—1 /"37«6 2515
1 4-1 21 .7 l oUU
0.0 2 "7 "7377
-107 21 .7
1 £9 37»2
24-2 51 «7
270 61.0 3450
25^ 52.0 3280
215 37.2 273^
1 5^ 21.7 2005
43 0.0 540
+ 99 21.7 1260
176 37.9 2240
223 51.7 2^50
249 60.4 31^5
21 0.0 267
Table XIX.
Specimen number 6 heated for
15 minutes at 645°C and cooled
in air. Curve 5t Fig* 5*
I H B
+ 4.2 4O c z53
3S.6 57*9 543
30.0 35.5 4 I 1
21 .4 20.7 290
12.
£
0.0 161
- £.5 20.7 12S*
25.7 36.2 353
32.6 57.
£
545
30.0 35.
^
411
21 .4 20.7 290
4.3 0.0 54
+3£.6 57.9 545
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Table XX.
Specimen number 6 heated for
15 minutes at 900°C and cool-
ed in air. Curve 6, Fig. 5.
I
TTH B
+304 65*5 3©S5
51
.7 3550
231 34.4 2940
1 £4 24.5 2340
39 0.0 4S4
-155 24. £ 1975
214 34.4 2725
27# 51^7 •y r— f— /-\3550
317 5D.5 4035
2S7 51.7 3660
229 34.4 28*90
193 24.5 2450
34 0.0 430
+14€ 24.£ 1*55
210 34.5 2675
270 51.7 3450
304 61.6 38^5
39 0.0 4*5
Table XXI.
Specimen number 6 heated for
15 minutes at 595°C and cooled
in air. Curve 7, Fig. 5.
T
J-
trn D
+ 4-0 u • u
34-* 2 5S Ann
21 .4 36.1 305
17.1 20.6 235
*.6 0.0 10S
-17.1 20.6 235
30.0 36.1 413
42. g 57.4 595
17.1 0.0 235
+21 .4 36.1 305
34.2 56.7 4S7
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Table XXII. Table ',KXIII.
Specimen number 6 heated for Specimen number 6 heated for
1 5 minutes at 700°C and cool- 15 minutes at ^00°C and cooled
ed in air. Fir. 5. in air. Curve 9 , Fig. 5.
TX H B I H B
+ 4- ^ 54 +2££ 61.2 3560
6 5.3 496 249 51 .7 3170
=54. 3 4£S 206 34.4 2515
P R -7 40.
1
363 163 23-1 2070
21 .4 23.4 292 43 0.0 53&
£.6 0.0 10# -120 25.1 1 530
- £.6 23.4 10# 1&
( 34.4 2296
25.7 40.4 363 249 51.7 3175
34.3 64.2 495 2#3 60.4 36 10
£.6 0.0 10# 253 51.7 3230
+34,2 64.2 495 201 34.4 2560
163 25.4 207 5
34 0.0 432
+129 25.4 1640
1#0 34.4 2295t— S -S
244 51.7 31 20
27# 60.4 3 560
40 0.0 497
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To show the effect of quenching in another way, the values
of the permeability, M, for H = 50 are given in Table XXIV and are
plotted against quenching temperatures in Fig. 6. Both curves
show minimum values between 600°C and 700°C and larger values for
the higher temperatures. The values of M around 250°C seem to be
low. This is the temperature at which it has always been noticed
that the beneficial effects of baking were lost.
After the above series of tests of heating to a given
temperature and cooling in air, specimen number 3 was heated to
several high temperatures and quenched in water. As mentioned
above, the effect was much the same as cooling in air, although
in the latter process there would undoubtedly be time for a limited
transformation, thus making the effective air quenching temperature
somewhat lower than that actually read.
Quenching number 3 in water after heating for 20 minutes
at £70°C gave the highest value for B ever observed for it.
For H = 69, B = 4500, M = 65 and for H = 52, B = 4300, M = £3,2
These data seem to emphasize the point that the alloy is in its
most magnetic state in the molecular condition that it is in when
near its melting point.
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Table XXIV.
Variation of Permeability with Temperature at H = 50.
Specimen 3.
Specimen
Curve B M Temp.
1 2750 55.0 1£°C
2 25^0 50.2 230°
5 27&0 55.7 300°
4 24&0 49.6 465°
5 420 £.4 625°
6 3170 63.5 £20°
7 3000 60.0 920°
g 21 40 42. £ 535°
9 410 g.2 670°
10 3500 70.0 265°
Specimen 6.
1 3070 69.9 20°
2 29AO 5#.£ 265°
3 2770 62.4 340°
4 2600 59.0 465°
5 430 9.7 645°
6 30£o 70.0 900°
7 430 9.7 595°
g 430 9.7 700°
9 2700 61.3 goo°


\
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Thermal Analysis.
It is evident that there is something peculiar about the
condition of the alloy between the temperatures of 600° and 700°,
and in the hope of throwing some light on this and on the hypothesis
that some chemical compound might be formed, a limited thermal ana-
lysis was undertaken. The general method of thermal analysis con-
sists in heating the substance above its melting point, allowing it
to cool under constant conditions, and taking time and temperature
readings at regular intervals. From the form of the curve obtain-
ed it may be possible to draw conclusions regarding the composition
and molecular arrangement of the substance.
The particular method and some of the apparatus was that
used by Clement and Egy 1 in the calibration of their thermocouples.
A cross-section of the electric furnace used by them is shown in
Fig. 7. It has the heating coil on the inside of the furnace.
The coil of heavy nickel wire was wound on a sectional wooden core
and plastered over with magnesite mixed with glue. When this had
hardened, the core was removed and the coil put inside two cylin-
ders of magnesite, the intervening spaces being filled with calcined
magnesia. A large barrel with two with two iron grids for elec-
trodes, the upper one being movable, was used as a control resist-
ance for the furnace. The furnace would carry a maximum current
of about 30 amperes on 110 volts.
The specimen for which a cooling curve was to be made was
put in a graphite crucible and covered with powered charcoal to
give a reducing atmosphere. The crucible was made from a graphite
1. Univ. of 111. Experiment Station Bulletin No. 40, Sept. 1909.
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rod turned to the required size in a lathe, and fitted rather close-
ly inside the furnace.
The thermocouple was enclosed in a quartz tube of 2 mm.
internal diameter, the wires being insulated from each other by
mica strips. This tube passed through holes in the lids of the
furnace and crucible and was pushed down to within 2 cm. of the
bottom of the crucible when the charge was melted. The E.M.F.
of the couple was balanced against that of a Weston standard cell
by means of an Otto Wolff potentiometer arranged to be direct
reading. This is shown diagramatically in Fig. The dials of
the potentiometer were set on the numbers corresponding to the
E.M.F. of the standard cell and the auxiliary resistance in series
with the battery and potentiometer adjusted for a balance. This
balance was sensitive to 1 ohm in 20,000 ohms. Thermocouple read-
ings were taken in microvolts (MV) and the figure in the last place
was found from the galvanometer reading. The resistance in series
with the galvanometer and the scale distance were so adjusted that
a deflection of one scale division corresponded to one microvolt.
It was thus possible to read to one microvolt at 10,000 MV.
The thermocouple used was made of platinum - platinum, 10$
rhodium and was carefully calibrated at the freezing points of
three pure metals which are accurately known - Zinc 419°C, Silver
961.5°C and Copper 10£4°C.
When time-temperature readings are taken on a pure sub-
stance as it cools from the liquid state, the temperature of the
substance falls with that of the furnace until the freezing point
is reached. There it remains constant until all the substance is
frozen and then quickly falls to that of the furnace again. It
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has been found experimentally that the freezing point is much more
definitely marked than the melting point and that it is much easier
to keep conditions constant when cooling than when heating. The
calibration data for the couple used are given in Table XXV.
The temperature was assumed to be a parabolic function of
the E.M.F. as expressed by the equation
T = a + bE - cE2
Table XXV gave three pairs of readings for T and E, so the three
constants in the equation were determined and a temperature-micro-
volt curve calculated. For this couple the equation was
T = 112,067 + 0.12g47# E - 2.402&2'
E
2
For small intervals MV are approximately equal to tenths of a degree
and it was thus possible to read to 0.1° at 1,000°C, although the
absolute value of the temperature was probably not closer than i 1°.
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Table XXV.
Copper Point Silver Point Zinc Point
Time MV Time MV Time MV
5:16:00 9327 2:42:00 79^2 2:21:00 24££
:20 92^0 :20:20 7963
:4c 921£ : 40 7923
: 17:00 9150 : 43 : 00 7#75 :22:00 2460
:20 9094 :20 7#12
:40 905# :40 7752
:1#:00 42 :44:00 :23:00 2455
:20 52 :20 70
:4o 51 :40 64
: 19:00 50 :45:00 63 :24:00 55
:20 50 :20 62
:40 50 :40 59
:20:oo 49 :46:00 46 :25:oo 55
:20 47 :20 7520
:40 4o :40 7470
:21 :00 10 : 47 : 00 73#0 : 26 : 00 53
:20 £940 :20 7300
:4o £700
:22:00 #594 :27:00 2447
:20 £490
:40 £400
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The specimen of alloy to be tested was broken into small
pieces, put into the crucible, covered with powered charcoal, and
heated in the furnace. It was kept above the melting point for
some time to allow the pieces to fuse together, then the couple was
pushed down into it, the heating current shut off, and readings of
the potentiometer taken every 20 seconds. It took about two hours
for the temperature to fall to 3°0°C. When it was desired to
pass very slowly through a point, the heating current was merely
reduced and in order to keep it constant the storage batteries
were "floated on the line". The battery of forty cells was charged
with a current of say, 16 amperes, while a current of 1£ amperes
was taken from it. This current would remain very constant for
several hours.
The cooling curve data for the six specimens are given
in Table XXVI to Table XXXI and are shown in Fig. 9 and Pig. 10,
the curves in each figure being numbered to correspond with the
specimen. Microvolts are plotted as ordinates and time as abscis-
sae. The squares in the figure are centimeters and 1 mm. is equal
to 10 seconds so the points are too close together to be shown in
the figure.
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Table XXVI
.
Cooling Curve Data for Specimen No. 1
.
Readings taken every 20 seconds.
Time MV Time MV Time MV
3:09 8000 3:23 5770 3j 43 4104
7942 28"
7870 5690 6£
: 1 7©32 : 24 50 :44 46
7744 12 2#
7680 557# OS'
: 1
1
28 :25 40 :45 3990
24 04 70
16 5470 54
: 1
2
75S2 -"-*"- : 46 35
70 :33 4792 16
40 67 00
: 13 10 40 :47
7472 :34 13 64
32 --
: 14 73#0 —- :43" 28"
24 :35 12
7252 46o£ 379#
:15 10 45S^ !:49 SO
:36 63 —
6920 32 44
: 16 6S5o 14 !:50 27
6716 :37 4492 : 51 3679
68-
!:52 30
45 : 53 35S2
: 1
8
6500 : ;>8 21 : 54 35
£ /, J, c 4397 i:55 3492
6380 72 !:36 47
: i 9 34 :39 53 :57 00£974 32 ! 3350
11 :59 16
:20 6174 :40 4290 4 :00 3274
20 :01 34
6oso 47 :02 3193
:21 32 :41 4226 :03 52
05 : 04 12
40 41 87 :05 3073
:22 5#93 :42 64 : 06 33
52 45 :07 2993
10 25 tOS* 50
:09 20
I
:10 2^4
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Table XXVII,
Cooling Curve Data for Specimen No. 2.
Readings taken every 20 seconds.
Time MV Time MV Time MV
3:14 o050 3:29 5526 3:44 4243
7974 5490 27
?0 52 06
• 1 5 7^6 : 30 1
5
:45 41 £7
7770 53&0 65
30 44 42
• 16 00 : 51 0& :46 23
00 5274 02
767 s 3#
:47
4o£4
: 1
7
50 :32 63
20 43
7 5&0
:4S
23
: 1& 32 :33 MM— Ml 00
74S0 imwm
10 3964
: 19 7356 :34 5034 :49 40
7240 00 26
7120 4972 mmmrnm
:20 700g :35 40 : 50 3^6
6920 10 70
6^36 4£&4 51
:21 6760 :36 54 :51 32
00 24 14
66 30 4792 00
: 22 6564 :37 64 :52
00 3#
6440 10
• ? 3 6 : 3£ 46 £4 : 53
25 54
6270 30
567$• ?4 16 : 39 00 :54
6 160 457# 55
1 50 45
:25 6060 :4o 20 :55 24
10 00
5960 447
£
:26 10 :41 54
5$65 30
1g 06
:27 3774 :42 43^2
30 60
3690 36
:2g 46 :43 13
00 4290
3566 6S
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Table XXVIII.
Cooling Curve Data for Specimen No. 3«
Readings taken every 20 seconds.
Time MV Time MV Time MV
3 : 30 7628 3:45 5417 4:00 41 92
7 572 5 38'
3
73
08 46 53
7440 :4S 10 :01 38
7376 5272 18
10 40 4097
:32 7240 :47 04 :02
7173 5170 MM
63 37 4040
:33 57 :48 03 :03 14
50 5073 3996
37 40 78'
:34 :49 07 :04 58"
08 497 8 40
7084 50 19
: 3 5 52 : 50 18 :05 00
18 4888 38*82
6983 60 65
: 56 36 X 51 30 :06 44
00 23
6620\J \J C— w 477 3 03
* J f ! 52 44 :07 3788
6468 16 70
4694 54
: 38 6338 : 53 64 35
6280 37 18
20 14
: 39 6172 : 54 4587 :09 3684
1 8 62
6072 34 59
:40 24 :55 10 no 42
5980 4487 28
42 63 12
:41 5893 :56 32 :11 3595
55 14 80
12 4392 67
:42 5773 :57 66 : 12 52
30 45 33
5693 22 18
:43 50 :58 00 H3 00
1
1
4280 3486
5573 59 70
:44 30 :59 37 :14 54
5490 19 37
55 02 22

Table XXIX.
Cooling Curve Data for Specimen No. 4.
Readings taken every 30 seconds.
Time 1IV Time MV Time MV
7:10 7450 7:32 5^03 7:54 5147
00 57^ 35
: 1
1
7362 :33 67 8 55 23
og 46 07
: 12 7254 :34 22 8 56 5029
1g o£ 50
:13 06 :35 5695 8 57 02
7174 74 4967
:14 46 8 36 53 :52 12
15 32 4272
815 7090 :37 17 8 59 22
54 06
2:oo
4773
:16 1g :3* 5590 23
69^0 73 4572
M7 :39 5^ :01 33
6 £47 43 4529
:12 6763 :40 25 :02 44
6696 10 4496
:19 46 :41 5492 :03 52
6595 24 12
:20 49 :42 62 :04 4376
06 55 33
:21 6452 s 43 39 :05 4294
16 24 59
:22 6576 :44 07 :06 20
40 5397 41 27
:23 04 8 45 20 :07 51
6267 65 15
:24 22 :A6 52 :0g 4o29
6194 35 62
:25 64 847 21 :09 42
22 05 32
:26 00 :42 5297 : 10 26
6069 21 20
:27 39 :49 69 : 1
1
14
12 56 05
:22 5992 :50 41 :12 3997
65 29 90
:29 44 851 12 813 62
12 04 40
:30 5#90 :52 5197 :14 07
22 3270
831 50 8 53 72 :15 22
27 60 3772
A heating current of 15.4 amperes was kept on until 7:55
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Tat>le XXX.
Cooling Curve Data for Specimen No. 5«
Readings taken every 20 seconds.
Time MV Time MV Time MV
7:50 7922 2:05 5642 2:20 4352
26 —
-
36
7263 — 14
:51 7794 :06 5536 :21 4295
70 74
54 52
:52 34 :07 5429 :22 32
10 10
7626 4192
:53 52 :o2 5330 :23 70
24 52
7593 32
: 54 53 :09 5230 :24 13
10 4094
7460 75
:55 10 : 10 5136 :25 57
7320 36
7220 12
:56 7022 : 1
1
5044 :26 3992
6993 go
04 62
:57 6232 : 12 4952 :27 44
6765 26
00 o2
:52 6640 :13 4270 :22 3291
6572
20
:59 6465 :14 4790 :29 32
10
6360
2:00 10 :15 4712 :30 3722
6256
o£
:01 6160 :16 4637 »31 36
12
6062
:02 20 :17 4564 :32 3622
5976
30
:03 5^5 :12 4494 :33 40
46
04
:04 5766 :19 4425 ;34 3594
23 00
56^ 4320
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Table XXXI.
Cooling Curve Data for Specimen No. 6.
Readings taken every 20 seconds.
Time MV Time MV Time MV
7:54/ • y^ 7912 £:09 559#+r *S S v £:24 4310
7#53/ ^ yy 60 4290
f / 23 7$
:55 20 : 10 54£g :25 47
7650 50 27
75#2 12 10
: 56 06 : 1
1
537# :26 00
7433/ ^yy 44 41 #2
7 360 10 64
: 57 30 : 12 5279 :27 47
00 44 29*—
72&£ 10 10
! 5£ 70 : 1 3• 1 y 51 #0 :2g 4092
4£ 47 72
16 y'~
• yy 00 : 14 50^7 : 29 32
71 72 54y~ 12
40 23<-y 3994
£ : 00 1 : 1 5• ' y 4990 : 30• y^ 7 5
70 £7 60 56
22 32y*- 37
:01 6920 : 16 07 :51 16
67&0 4^7 g 3#94^ y* *
66£o 51 ^0
:02 00 : 17 24 :32 61
6522 4793 42
6460 70 24
:03 00 : 1g 42 :33 03
6346 12 37#9
6294 4632 70
:04 43 : 19 64 :34 52
619& 3#
50 12
:05 05 :20 4590 :35 3697
6055 63
13 3#
:06 5969 :21 14 :36 47
20 4490
5££o 6£
:07 14 :22 44 :37 359#
5794 20
55 4395
:0g 14 :23 75 :3# 49
5676 54
37 32
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Discussion of Cooling Curves.
The upper parts of the cooling curves are plotted in Fig,
9 and the lower parts in Fig. 10. In the intervening region the
specimen cooled regularly with the furnace. The various curves
show four characteristic regions, namely: 1) an almost straight
line where the molten liquid is cooling with the furnace, 2) an
abrupt change to an almost horizontal line, curves 1 and 2, Fig. 9,
which indicates that a pure substance is freezing out of the sol-
ution, 3) a rounded portion with a quick drop to the temperature
of the furnace which is given by the dotted line, 4) another
abrupt change In slope in curves 3, 4, and 6, Fig. 10, which in-
dicates a transformation, or recalescence, point. All the curves
are those generally characteristic of solid solutions, but there
are not enough data to draw any conclusions as to whether a com-
pound is formed or not. It was noticed that when an alloy was
at the temperature represented by the bulge in its curve in Fig. 9,
it was possible by pressing a rod into the crucible, to squeeze a
liquid out of the semi-solid mass much as water can be pressed out
of a sponge, and this would seem to be further proof that the alloy
was a solid solution.
The data for each curve were taken at least twice and the
freezing points found to be quite constant. The depressions of
the freezing points are in the order of increasing percentages of
manganese, except No. 5 which is high, possibly on account of the
2.5% of iron in it, and No. 3 which is low, due to the 1.5$ of lead
in it.
Curve 4, Fig. 10, has an exceptional transformation
point. The test piece for it was made up of the small pieces of
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No. 4 used in the preliminary quenching tests above. When the
specimen had cooled to about 595°C, a pronounced change evidently
took place for there was a distinctly audible cracking and on exam-
ination, the charge was found to be very loose in the crucible and
the contraction had crushed the quartz tube containing the thermo-
couple.
Curves 1,2 and 5 do not show any transformation points,
but curves 3 and 6 do, and this point is at the same temperature,
615°C, from which these specimens were nonmagnetic on quenching.
It is evident then that at this temperature and for specimens of
the approximate composition of Kos. 3 and 6, there is a molecular
rearrangement accompanied by an evolution of heat, and that when
kept in this state by quenching, the alloy is nonmagnetic, but if
it is allowed to cool slowly down to room temperature, it goes
over into a form which is magnetic.

- 52 -
Photo-micrography.
Since it is generally agreed that the magnetism of sub-
stances is due to their molecular arrangement and since even super-
ficial examination of these alloys showed changes in crystaline
structure with heat treatment, a study by means of photo-micrography
was carried out.
This method has not been very generally used and specific
directions are hard to find, so it will be described here somewhat
in detail. The apparatus consisted of a Leitz "New Universal
Photo-Micrographic Apparatus" fitted with an incandescent gas
lamp, a microscope with a wide tube, and an opaque vertical illum-
inator. The magnification could be adjusted to any desired ratio
by a suitable combination of eye-piece, objective and length of
camera bellows. The magnification at which the accompanying
photographs were taken was determined exactly by taking a photo-
graph of a standard grating and counting the number of lines in
the picture.
It 'is necessary that the specimen should have a plane
surface and a high polish in order to give a flat field for the
microscope. This was accomplished by fixing the pieces in a block
of wood and grinding them on a series of rapidly rotating disks
covered with emery paper of increasing fineness and then grinding
by hand on a glass plate charged with emery. Emery sufficiently
fine for this purpose was obtained by shaking "flour" emery in
water and decanting the liquid with the particles in suspension
after allowing it to settle for various lengths of time from one
minute to twenty four hours. This grinding gives a plane surface
but covered with very fine scratches.
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To remove the scratches the specimen must be polished,
and great care is necessary not to destroy the plane surface or
make more scratches by a little grit or dirt getting on the polisher.
First a felt wheel charged with "Tripoli" was used, then a cotton
buffer, and finally the process was finished by hand by rubbing on
a linen cloth stretched over a glass plate and charged with jewel-
er's rouge. This process might be much simplified and hastened by
using a good mechanical grinder and polisher, but the final work
by hand, though rather tedious, seems to give the finest surfaces.
It is usually better not to polish the specimen too much because
the rapidly rotating polisher seems to cause the metal to flow over
a thin surface layer, entirely obscuring the structure.
To bring out the structure clearly it is usually neces-
sary to "etch" the specimen, i.e. to use a reagent that will attack
some parts more than others. The particular etching fluid must
be determined by the composition of the substance studied. For
the Heusler alloys a dilute solution of nitric acid or a strong
solution of ferric chloride with possibly a little hydrochloric
acid added, was used to bring out the various points.
In taking the pictures artificial light diffused by a
ground glass screen was used in preference to daylight because of
its greater constancy and ease of control. Stopping down the
light and using a longer exposure gave more detail and sharper
contrast. The focussing should be very accurately done with a
lens and a fine adjustment.
The plates used were Standard "Orthonon", which are ortho-
chromatic ans non-halation. Because of the double film the plates
were developed slowly and until almost black and left in the hypo
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and washed about twice as long as ordinary plates,
A printing paper with a glossy enameled surface was used
to bring out the contrast in the structure. This glossy paper
usually requires a special non-abrasion developer.
Photo-micrographs of the Heusler Alloys.
A large number of pictures were taken under various con-
ditions and a few are given in Pig. 11 to Fig. 2£. The "original"
specimens are pieces of those first cast and whose composition is
given in Table I. The others were made from the original ones of
the same number by melting and recasting twice. This produced
more homogeneous alloys with better mechanical properties. There
was some slag formed at each melting, so the composition is pro-
bably not quite the same as the original, but they did not differ
much as the slag was of approximately the same composition as the
specimen and was magnetic.
After a specimen had been heated and quenched, it was
ground off at least 2 mm. below the surface and care was taken
to keep it from heating to much during the grinding.
The magnetic testing for this part of the work was done
only qualitatively by suspending the specimen by a thread in the
field of a large permanent magnet. "Slightly magnetic" means that
the specimen would orient itself with the field and possibly turn
through an angle of 90° as the magnet was rotated. "Strongly mag-
netic" means that the specimen could be lifted by the magnet like
the original strongly magnetic specimens.
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Table 1
1
Specimen 1 , twice recast,
no further heat treatment.
Etched with FeCl^.
Very slightly magnetic, x 50*
Pig. 12.
Original specimen 1 , heated for
1 hour at ££o°C and quenched.
Etched with FeCl^.
Nonmagnetic. x 50.
Fig. 13.
Same as in Fig. 12, repolished
and etched with HNO^.
Black pits are due to imperfect
surface. x 50.
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Fig. 14.
Specimen 2, twice recast,
no further heat treatment.
Etched with FeCl^.
Very slightly magnetic. x 50«
Fig. 15.
Specimen 2 heated for 2 hours
at 415°C and quenched in water.
Polished, not etched.
Very slightly magnetic. x 50.
Fig. 16.
Specimen 2 heated for 3 hours
at 57 5° C and quenched.
Etched with FeCl^.
Very slightly magnetic.
Entire cross-section x 10.
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.
Fig. 17.
Original specimen 3 heated for
1 hour at 345°C and quenched.
Polished but not etched.
Strongly magnetic. x 50.
Fig. 1S.
Original specimen 3 heated for
4 hours at 42 5° C and quenched.
Polished, not etched.
Almost nonmagnetic. x 50.
Fig. 19.
Same as Fig.
Etched with HNO^ and slightly
repolished.
Almost nonmagnetic. x 50.
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Fig. 20.
Specimen 3> twice recast,
no further heat treatment.
Etched with FeCl^.
Strongly magnetic. x 50.
Fig. 21.
Specimen 3 heated for 30 minutes
at 466°0 and quenched.
Etched with FeCl^.
Only slightly magnetic. x 50*
Fig. 22.
Specimen 3 heated for 3 hours
at 495°C and quenched.
Etched with FeCl
5*
Strongly magnetic. x 50.
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Pig. 23.
Original specimen 5 heated for
2 hours at 620°C and quenched.
Etched with HNO^.
Slightly magnetic, x 50*
Fi*. 24.
Original specimen 5 heated for
2 hours at g£>0°C and quenched.
Etched with FeCl^.
Very slightly magnetic. x 50.
Fig. 25.
Specimen 5* twice recast,
no further heat treatment.
Etched with FeCl^.
Slightly magnetic. x 50.

Fig. 26.
Specimen 6, twice recast.
No further heat treatment.
Etched with FeCl,.
Strongly magnetic. x 50.
Pig* ?7.
Specimen 6 heated for 30 minutes
at 470°C and quenched.
Etched with FeCl^.
Only slightly magnetic. x 50.
Fig. 2£.
Specimen 6 heated for 3 hours
at 590 °C and quenched.
Etched with FeCl^.
Strongly magnetic. x 50.

borne of the pictures show the three types of crystals
described by Knowlton 1 , but no such simple relation as he found
between the size of the white crystals and the magnetization could
be determined. In fact there seemed to be no essential difference
between specimens 3 and 6 when quenched from the temperature that
made them nonmagnetic, and when taken in their original 3trongly
magnetic condition. Also it would be difficult to distinguish
between Fig. 11 and Pig. 22 although the former is of specimen 1
which was almost nonmagnetic and the latter is of specimen 3 which
was strongly magnetic.
The pictures of specimen 2 show a peculiar arrangement of
long slender crystals pointing towards the center of the specimen
where the crystals are smaller and more regular. The recast spec-
imens all show much smaller crystals than the original ones, but
none of them shows the pronounced effects due to quenching or an-
nealing that was to be expected. It is evidently necessary to
carry on a more extensive investigation in connection with chemical
analysis to get very positive results.
1. Phys. Rev., v. 30, p. 123, 1910.

- 62 -
Summary
•
In conclusion the results of this investigation may be
summarized as follows:
-
1 ) The best specimen had the copper, manganese and aluminum
in the proportion of their respective atomic weights. It gave
a maximum value of B = 4000 and M = 57 for H = 70, but had not
reached saturation.
2) Heating to various temperatures, cooling in air and testing
at room temperature gave, for H = 50, a practically constant value
for the permeability from room temperature to 300°C, a rapid drop
between 300°C and 600°C to about one sixth its former value, and
beyond 700°C a rapid rise to better than the original value at 900 °C.
This series of changes was reversible for at least three times.
3) The largest values of B and M were obtained when the spec-
imen was quenched in water from near its melting point.
4) A series of cooling curves gave melting points between 910°C
and 970°C, and curves characteristic of solid solutions. The
curves for the two magnetic specimens showed transformation points,
with evolution of heat, at 615°C Specimens quenched from this
temperature are nonmagnetic when tested at room temperature.
5) It seems evident that there is an allotropic form of the
alloy or at least of the magnetic constituent of the alloy, which
has a nonmagnetic molecular arrangement at about 600°C.
6) A series of photo-micrographs showed differences in the
crystalline structure due to previous history, but no simple relatior
could be established between the magnetization and the presence of
certain crystals.
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